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IPNV is a salmonid birnavirus that possesses the ability to establish asymptomatic persistent infections in
a number of valuable ﬁsh species. The presence of IPNV may interfere with subsequent infection by other
viruses. In the present study we show that an IPNV-carrier cell line (EPCIPNV) can induce an antiviral state
in fresh EPC by co-cultivating both cell types in three different ways: a “droplet” culture system, a plastic
chamber setup, and a transmembrane (Transwell®) system. All three cell co-culture methods were proven
useful to study donor/target cell interaction. Naïve EPC cells grown in contact with EPCIPNV cells develop
resistance to VHSV superinfection. The transmembrane system seems best suited to examine gene
expression in donor and target cells separately. Our ﬁndings point to the conclusion that one or more
soluble factors produced by the IPNV carrier culture induce the innate immune response within the
target cells. This antiviral response is associated to the up-regulation of interferon (ifn) and mx gene
expression in target EPC cells. To our knowledge this is the ﬁrst article describing co-culture systems to
study the interplay between virus-carrier cells and naive cells in ﬁsh.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Various viruses have been identiﬁed as the etiological agents of
diseases of farmed ﬁsh. Amongst them, viral hemorrhagic septi-
cemia virus (VHSV) is an enveloped virus belonging to the family
Rhabdoviridae that poses a threat to salmonid ﬁsh farming world-
wide. VHS is listed as a notiﬁable disease by theWorld Organization
for Animal Health [1]. Up to date, there are no treatments or vac-
cines for VHSV commercially available. Infectious Pancreatic Ne-
crosis Virus (IPNV) is a double-stranded RNA genome non-
enveloped virus (family Birnaviridae, genus Aquabirnavirus) that
has been isolated frommarine and freshwater ﬁsh species [2]. IPNV
often establishes an asymptomatic carrier state in ﬁsh [3,4].
We have previously shown the inhibition of VHSV replication in
EPCIPNV cells, a cyprinid cell line persistently-infected with IPNV
[5]. Our initial hypothesis was that IPNV replication in some of the
cells within the persistently-infected culture line would cause a
stimulation of the interferon-mediated response. This would lead
to the synthesis and secretion of antiviral factors to the cell cultureer Ltd. This is an open access articmedium and the establishment of an antiviral state in the whole
IPNV-carrier culture. This can be veriﬁed by subsequent challenge
with the heterologous virus VHSV, showing that EPCIPNV cells
exhibit a blockade of VHSV replication [6]. Interference between
IPNV and other ﬁsh viruses has been also found in vivo [7e9].
Fish can respond to viral infection by activating the innate im-
mune response genes, in particular the type I interferon (IFN)
signaling pathway [10e13]. IFN production is triggered in response
to molecular patterns associated to pathogens, such as double
stranded RNA. Production of IFN ﬁnally results in the transcription
of IFN stimulated genes (ISGs). Genes coding for theMx proteins are
one of those ISGs playing a major role in the establishment of an
antiviral state in the cell [9,14]. The interferon response to IPNV has
been observed both in cell culture [15] as well as in vivo [3,4,16].
The presence of interferon or interferon-like activity in superna-
tants of IPNV-infected rainbow trout cells has been reported earlier
[17].
To get a better understanding of the viral interference phe-
nomenon and the establishment of the antiviral state in naive cells
exposed to IPNV virus-carrier cells we have set-up here three
different co-culture systems where two distinct cell populations
can be maintained physically apart from each other, but they are
connected by sharing the growth medium. The co-culture setuple under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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cells and fresh EPC cells. In the present study we show that expo-
sure of target EPC cells to soluble factors released by the IPNV-
infected cells renders them resistant to subsequent challenge by
VHSV, which goes in parallel to the upregulation of interferon and
mx gene expression.
To our knowledge there have been no studies of this type to
evaluate the interaction between a virus-carrier cell line and the
original cell line in ﬁsh. Results presented here show for the ﬁrst
time a co-culture system analysis of viral interference in ﬁsh.
2. Materials and methods
2.1. Cell culture and viral isolates
The epithelioma papulosum cyprini (EPC) cells, a cell line orig-
inated from fathead minnow Pimephales promelas, was purchased
from the European Collection of Authenticated Cell Cultures
(ECACC no 93120820). EPC cells were cultured in RPMI Dutch-
modiﬁed medium with 20 mM HEPES (Gibco BRL-Invitrogen),
fetal bovine serum 10% (FBS, Linus-Cultek) glutamine 2 mM
(Gibco BRL), sodium pyruvate 1 mM, gentamicin 50 mg/ml (Gibco
BRL), and amphotericin 1.2 mg/ml (Gibco BRL).
Viruses used in this study are infectious pancreatic necrosis vi-
rus (IPNV, Sp strain) and viral hemorrhagic septicemia virus (VHSV-
07.71 strain).
2.2. Cell culture in droplets
To seed the donor (EPCIPNV) cells a 150 ml droplet containing
9 104 cells is placed on one side of a 60mm plate. On the opposite
side of the plate another 150 ml drop containing the target (EPC)
cells is placed. Cells are allowed to attach to the plastic surface of
the plate overnight, before removing the droplets by aspiration.
Finally, all cells in the culture dish were overlaid with 2 ml growth
medium. After 24 h of incubation at 21 C the cells were infected
with VHSV at a moi of 0.05 and incubated at 14 C. At 6 days post-
infection the cells were ﬁxed and stained with 10% crystal violet in
formaldehyde.
2.3. Rectangular chambers co-culture system
A plastic grid with three rectangular compartments is placed on
a 60 mm culture dish (see Fig. 3A). Donor and target cells are
seeded on the left and right compartments, respectively, leaving
themiddle one empty. After cell growth for one day, the plastic grid
is removed and the two cells populations are placed under the
same medium for 24e48 h before challenge with VHSV at a
m.oi ¼ 0.01 TCID50/cell. At 8 days post-infection the cells were
ﬁxed and stained with 10% crystal violet in formaldehyde.
2.4. Transmembrane (Transwell®) co-culture assay
In this system cell-cell contact is prevented by using an insert
with a 0.4 m pore size polycarbonate membrane (Transwell®, Costar)
in a 24-well plate. In these experiments, target EPC cells were
cultured below the insert, whereas donor cells (EPCIPNV) were
placed in the insert at z90% conﬂuence. Unless stated otherwise,
the donor cells/target cells were allowed to cocultivate for
approximately 48 h, followed by removal of the insert and chal-
lenge of the target cells in the lower chamber with VHSV to assess
the induction of antiviral state. VHSV-induced cytopathic effect was
visualized by staining with a 5 mg/ml Giemsa solution. Cells were
observed with a Nikon Eclipse TE2000-U microscope. A duplicate
plate of the experiment was prepared to harvest the cells in lysisbuffer for RNA extraction and quantitative real-time RT-PCR
analysis.
2.5. Quantitative real-time RT-PCR
Total RNA was extracted from cultured cells using the HP Total
RNA kit (Omega).The RNA concentration was determined in a
Nanodrop 1000 spectrophotometer (Thermo Scientiﬁc). 300 ng of
RNA were converted to cDNA by reverse transcription using
random hexamers as primers and Moloney murine leukemia virus
reverse transcriptase (M-MLV RT, Gibco). Quantitative PCR was
performed with 750 nM of primers and SYBR Green Universal PCR
Master mix (Applied Biosystems) and ampliﬁed by 40 cycles of
95 C 15 s and 60 C 1min in a 7300 Real Time PCR System (Applied
Biosystems). For each sample qPCR was done in triplicate.
Primers for EPC interferon (ifn) gene ampliﬁcation were: forward
primer, 50-ACAGGCAGTCGTCGGAACTTA-30; reverse primer, 50-
GAAGTGCCTTTTTATCTTAATCT-30. Primers for EPC mx gene ampli-
ﬁcation: forward, 50-GGAGAAGAGGTTAAATGTGGATCAG-3; reverse,
50-TGAAGTGCCTTTTTATCTTAATCT-30. Primers for EPC ifn gene
ampliﬁcation were designed from a sequence obtained from a DNA
fragment retrieved from EPC cells by ampliﬁcationwith primers for
crucian carp (Carassius auratus) ifn gene, and cloned in eukaryotic
expression vectors. The EPC ifn gene sequence has accession
number FN178457.1 in the Genbank [18]. Primers for EPC mx gene
were designed in our laboratory following the same strategy: RT-
PCR ampliﬁcation of a DNA sequence from EPC cells using
primers from Carassius auratus mx1 gene (GenBank acc. no.
AY303813.1). The PCR cDNAwas cloned into a pCRII-TOPO plasmid,
and each clone was conﬁrmed by nucleotide sequence. The EPC mx
sequence can be found in supplementary material no. 2. Primers
were designed using Primer Express 3.0 and veriﬁed with Primer3
software v0.4.0. Selection criteria included product length that
were <200bp with optimal melting temperatures of 57e63 C.
The cycle threshold (Ct) values were converted into relative
expression values normalized against 18S rRNA expression
(Eukaryotic 18S rRNA VIC-TAMRA, Thermo Scientiﬁc). The results
are presented as fold differences between the expression level of
ifn/mx gene in control cells and the expression in cells exposed to
each treatment. Mean values of the relative expression of ifn and
mx genes and standard deviations were calculated by using the
Microsoft Excel software from datasets of two independent ex-
periments (n ¼ 3).
2.6. Statistical analysis
Datasets from gene expression experiments were imported to
Graph Pad Prism 5.0 software to conduct a one-way analysis of
variance (ANOVA) with one independent variable (gene expres-
sion) and >2 conditions (different treatments of the EPC cells). The
comparison of gene expression between control EPC cells and the
different experimental groups were obtained by Dunnet's Multiple
Comparison Test. A value of p < 0.05 was considered to indicate a
signiﬁcant difference between the control group and the experi-
mental group.
3. Results
3.1. Anti-VHSV state in mixed EPC/EPCIPNV cell cultures
In a ﬁrst set of experiments the IPNV-carrier cells were mixed
with fresh EPC cells at different ratios and then seeded on a multi-
well plate. The mixed cultures were challenged with VHSV and the
resistance to infection was evaluated by examining virus-induced
cell lysis at 6 days post-infection. When 50% (1:1 ratio) or at least
Fig. 2. EPC cells infected with VHSV in a cell droplets co-culture system. Drops of EPC
and EPCIPNV cells were placed on 6-well plates as indicated. Donor and target cells
were grown sharing the medium for 24 h and subsequently challenged with VHSV
(1.5  105 TCID50/well). At 6 days p.i. the cells were ﬁxed and stained with crystal
violet. Mock: non-infected cells.
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still resistant to VHSV superinfection (Fig. 1). At 1:10 or 1:20
EPCIPNV to EPC ratios themixed culture showed clear signs of VHSV-
induced cytopathic effect, thus suggesting that at the lowest
EPCIPNV:EPC ratios the number of cells harbouring IPNV was not
sufﬁcient to produce an effective antiviral state on the whole
culture.
3.2. Determination of resistance to VHSV superinfection in a drop
cell culture setup
In the drop co-culture system two 150 ml droplets of growth
medium containing z90000 cells are placed separated
byz 0.5 cm on 6 well plates. The droplets maintain their position
and shape by surface tension allowing the cells to attach to the
bottom of the well, forming a roughly circular pattern. Then the
drops are carefully vacuum sucked and donor and target cells can
be put into contact by sharing the growthmedium. After 24 h of co-
cultivation the cells were infected with VHSV and the cytopathic
effect was evaluated by crystal violet staining and visual inspection.
While the droplets of EPC cells virtually disappeared after infection
with VHSV, we consistently observed that EPC cells became resis-
tant to VHSV challenge after co-cultivation with EPCIPNV cells
(Fig. 2).
3.3. Interaction between virus-carrier and naive cell populations in
a plastic grid culture system
Next we set up a co-culture system were the two types of cells
were physically separated during seeding and growing. In order to
do so, we used a plastic rectangular grid which is placed on a
60 mm plate (Fig. 3A). Cells are seeded on the left and right
chambers, leaving the central one empty. Once the cells reach
conﬂuence the plastic grid can be removed, and the two cell types
put into contact by sharing the medium. This co-culture system
allows for separate treatment of the cells in one chamber, such as in
Fig. 3A where one of the chambers contained EPC cells pre-treated
with the synthetic dsRNA poly I:C to induce the interferon
response. EPC cells sharing growth medium with the poly I:C
treated cells developed an antiviral state against VHSV challenge
(Fig. 3B). Likewise, EPC cells kept in contact with EPCIPNV cells
showed a much-decreased cytopathic effect after superinfection
with VHSV, indicating that some soluble factor produced by the
IPNV-carrier cells reached the target EPC cells provoking an anti-
VHSV response.
3.4. Analysis of EPC: EPCIPNV interaction in a Transwell® co-culture
setup
In the following series of experiments we employed aFig. 1. VHSV challenge of mixed EPC/EPCIPNV cultures. EPC and EPCIPNV cells were
mixed at the indicated ratios and seeded on 48-well plate. After a 24 h incubation
period the mixed cultures were infected with a m.o.i. of 0.1 VHSV. At 6 days post-
infection the cells were ﬁxed and stained with crystal violet to visualize the virus-
induced cytopathic effect.commercially available co-culture system: Transwell®. In this sys-
tem the cells are grown in a compartment with a porous bottom
that can be inserted in a multiwell plate. Molecules secreted to the
medium can pass through the porous membrane and reach the
cells in the outer chamber. In our setup, donor cells are placed
within the insert, and the target cells are seeded on the bottom of
the well (Fig. 4.). We chose to do it this way to better visualize the
target cells after VHSV challenge (as shown in Fig. 5). At 4 days
post-infection VHSV-infected EPC cells showed a distinct cyto-
pathic effect while EPCIPNV cells were refractory to VHSV infection
as expected. We found that EPC cells co-cultured with an upper
compartment containing EPCIPNV cells prior to challengewith VHSV
did not show any sign of virus infection. Direct exposure to poly I:C
led to protection of EPC cells to VHSV challenge. However, poly I:C
pretreated donor cells induced almost negligible protection against
VHSV superinfection in the target EPC cells.3.5. Measuremet of ifn and mx gene expression in EPC target cells
The Transwell® culture system allows independent RNA extrac-
tion from donor and target cells for quantitative analysis of gene
expression. Thus, it is a well suited system to measure changes in
gene expression by factors passing through the membrane and
reaching the target cells. To analyze the role of innate immune
response in the establishment of interference against VHSV, inter-
feron (ifn) and Mx protein (mx) gene expression was measured in
EPC cells exposed to different stimuli by quantitative real-time RT-
PCR (Fig. 6). Direct exposure to conditioned medium from EPCIPNV
cells appears to be the best ifn and mx inducer on EPC cells.
Treatment with poly I:C as well as co-cultivation with poly I:C
treated cells led to the up-regulation of the mx gene, but not the ifn
gene. One additional control sample (EPC cells exposed to 100
TCID50 IPN virus) was included to show that small amounts of IPN
virus produced by the IPNV-carrier cells do not exert any effect on
the target cells. This issue had to be checked to rule out that any
effect we were seeing was due to the passage of IPNV particles
through the membrane pores. EPCIPNV cells showed an upregula-
tion of both ifn andmx gene expression relative to control EPC cells,
Fig. 3. Rectangular chambers co-culture system. A. Image of a 60 mm diameter culture plate with the three-chamber plastic grid showing the culture of target and donor cells. The
size of each chamber is 1  2 cm. Once the plastic grid is removed, the two types of cells can be incubated under the same medium for the desired amount of time before testing the
antiviral state by VHSV challenge. 3B. Response to VHSV challenge by fresh EPC cells co-cultured with poly I:C treated (20 mg/ml poly I:C for 24 h) EPC or with EPCIPNV cells. Cells
were incubated sharing the culture medium for 24 h before infection with VHSV (moi ¼ 0.01). In the rightmost image, EPC and EPCIPNV cells were kept separated by the plastic grid
during growth and virus infection. Plates were incubated 8 days at 14 C and VHSV-induced cytopathic effect was revealed by crystal violet staining. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Transwell® co-culture experimental setup. Transwell membrane inserts (0.4 mm pore size) were used to separate the donor cells (inner chamber) from naïve target cells
(outer chamber). Cells seeded on wells with no transwell inserts were used as controls. Donor cells were usually IPNV-carrier EPC cells or EPC cells pretreated with poly I:C.
Following 48 h of incubation the transwell inserts were removed and the target cells were challenged with VHSV. Once the cytopathic effect was evident in the virus-infected
control, the cells were ﬁxed and stained to determine cell survival to VHSV infection. A duplicate transwell plate of the experiment is set up to collect the cells for RNA extrac-
tion and measurement of gene expression.
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increase of ifn and mx RNA levels (Fig. 6C,D).4. Discussion
Infectious pancreatic necrosis virus is capable of establishing a
persistent infection both in vivo [3,4,19] as well as in vitro [5,17].
Previously we found that an IPNV carrier state could be achieved
under certain conditions in the cyprinid cell line EPC [5]. We named
this IPNV-carrier cell line EPCIPNV. A noteworthy feature of the
EPCIPNV culture is that EPCIPNV cells display resistance to superin-
fection with heterologous viruses such as VHSV. Our previous
studies determining the antiviral activity in EPCIPNV culture su-
pernatants suggested that one or more soluble factors may be
responsible of the establishment of the antiviral state in our EPC/
EPCIPNV cell system [6]. Our next step was to design experimental
setups to study the interaction between the two cell populations:
co-culture systems speciﬁcally aimed to investigate the effect of
persistently infected cells over naive cells in our EPCIPNV model. Weﬁrst hypothesized that cells harbouring IPNV in the carrier culture
could be producing some soluble antiviral factor. Therefore,
reducing the number of IPNV-positive cells within the culture by
“diluting” the EPCIPNV cells in fresh EPC cells would lead to the loss
of the anti-VHSV state since the antiviral factor would not reach an
effective concentration in the growth medium. Our data appear to
support that hypothesis. This is in accordance with the previously
reported anti-VHSV activity of the conditioned medium from
EPCIPNV cells where the conditioned medium lost the antiviral ac-
tivity when it was serially diluted in fresh medium [6].
The simplest co-culture systemwe tested was the cell culture in
droplets. Here no special device is required, and the visualization
and interpretation of the results is very straightforward. EPC cells
should be destroyed by VHSV, whereas a drop of EPC cells placed
next to a drop of EPCIPNV cells should show some sign of induced
protection against subsequent VHSV infection. We proved that this
was the case. Unfortunately, the cell droplet co-culture system has a
number of drawbacks: the droplets can be perturbed by any
movement during incubation and more important: it is not feasible
Fig. 5. VHSV-induced cytopathic effect on EPC cells exposed to different donor cells in a transmembrane co-culture system. In brackets: donor cells in the inner chamber. Donor and
target cells were co-cultured for 48 h before removing the transwell insert and infecting the cells in the outer chamber with 0.1 TCID50 VHSV/cell. At 4 days post-infection the cells
were ﬁxed with methanol and stained with Giemsa. 10 images of representative ﬁelds captured by the microscope are shown.
Fig. 6. Determination of ifn and mx gene expression by real-time RT-PCR in donor and target cells in a transwell co-culture setup. In brackets: cells seeded in the inner chamber. A
and B: ifn and mx gene expression in experimental controls. IPNV (100): exposure to100 TCID50 units of IPNV; CM-EPCipnv: exposure to growth medium from EPCIPNV culture
clariﬁed by centrifugation and diluted 1:4 in fresh medium. Poly I:C: exposure to 10 mg/ml poly I:C. The normalized relative expression to untreated EPC cells is shown. C and D: ifn
gene and mx gene expression in the target cells at the indicated donor/target cells matches. All data are presented as the mean ± sd from two independent cDNA samples with three
replicates per sample. Statistical signiﬁcance of gene expression compared to EPC control cells was determined by Dunnet's Multiple Comparison Test (*, p < 0.05).
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RNA extraction and quantitative analysis of gene expression. The
absence of a physical barrier between the two drops also precludesto carry out any treatment (i.e: with an interferon inductor such as
poly I:C) of one of the cell types apart from the other cell type.
A better suited method for independent handling of two types
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in here: the two cell types are kept physically separated by a plastic
grid until desired. That feature allowed us to test the effect of co-
cultivating EPC cells previously treated poly I:C with fresh EPC
cells. This is something that could not be donewith the drop culture
system. Once the plastic grid is removed the two types of cells can
interact just by overlaying the two cell patches with growth me-
dium. At a later time in the experiment the plastic grid can be
placed again over the plate in order to harvest the two rectangular
patches of cells separately for RNA extraction and measurement of
gene expression. In our hands RNA amounts of 0.5e1.5 mg could be
obtained from one rectangular patch containingz6 105 cells (not
shown). The limitations of the rectangular grid culture system are
that it allows for a relatively small number of experimental points
per assay, plus the high consumption of medium and reagents that
the use of 60 mm dishes implies.
The third co-culture system, the Transwell®, makes use of porous
membrane inserts. The cells are grown in inserts with the perme-
able material at the bottom that are placed on the top (but not
touching) the cell monolayer in the plate underneath. In our
experimental designs the inserts contain the donor cells for con-
venience, since it was easier to visualize the effect of co-culture on
the target cells if they were kept on the plastic bottom of the well.
There are a number of examples of Transwell® system applications
in the literature [20] but very few are used to analyze the interplay
between virus-infected cells and naive cells. The Transwell® system
is costly but it is very well adapted to our purposes due to its
versatility. For instance, the cells in the inserts could be pretreated
with poly I:C separately, and later on be placed on top the target
cells. Likewise, time of contact between donor and target cells can
be ended by simply removing the insert from the well, making the
transwell a suitable system to perform time-course assays. Most
important, it is the co-culture system best suited to analyze gene
expression since it is easy to extract RNA from both donor and
target cells independently at different time points along the
experiment. Here we show how co-cultivation of EPC cells (outer
chamber) with EPCIPNV (insert) leads to the protection of the EPC
target cells against subsequent VHSV challenge.
From our previous studies [6] we suspected the role of the
interferon pathway in the establishment of the anti-VHSV state.
Particularly, the production of the antiviral protein Mx (one of the
interferon-stimulated genes) in response to virus infection has
been observed in several ﬁsh species [21e23]. In fact, most ﬁsh
viruses have some capacity to induce the interferon pathway in the
diseased animal [24,25] including IPNV [26]. In the aforementioned
works the role of the innate immune system in the protection of
ﬁsh against viral challenge seems well proven.
Here we show that following exposure to inserts containing
IPNV-carrier cells the target EPC cells underwent an up-regulation
of the ifn and mx gene expression, strongly supporting the role of
the ifn-dependent immune response in the establishment of the
antiviral state. Poly I:C is a good mx inducer on EPC cells. However
we did not observe ifn induction by poly I:C treatment. Lack of ifn
gene up-regulation by poly I:C has been reported before [14,27].
That may imply that an interferon-independent mx induction may
be taking place in poly I:C treated cells.
In summary, we have explored three different approaches to
investigate the superinfection exclusion that IPNV exerts over
VHSV in EPC cells. The co-culture systems employed along this
work have proven useful to demonstrate the induction of an anti-
viral state by IPNV-carrier cells on naive cells by means of soluble
factors. They will be most helpful in elucidating the molecular basis
of broad range non-speciﬁc antiviral responses in ﬁsh cells, with
potential implications in the design of novel strategies to control
viral diseases of ﬁsh.Acknowledgements
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